Taq polymerase depleteted of bacterial DNA contamination · DNA decontamination methods Summary Background: The detection of a broad range of bacteria by PCR is applied for the screening of blood and blood products with special attention to platelet concentrates. For practical use it is desirable that detection systems include Gram-positive, Gramnegative and non-Gram-stainable bacteria. It is quite challenging to achieve high sensitivity along with a clear negative control with PCR reagents, because especially Taq polymerase is contaminated with traces of bacterial DNA. Methods: Bacterial DNA decontamination of Taq polymerase was attempted by two different methods using the restriction enzyme Sau 3A1 and microfiltration. Additionally a commercially available Taq polymerase depleted of bacterial DNA was included. A published real-time PCR specific for Gram-negative bacteria was adapted for Grampositive bacteria, including certain Staphylococcus species and Mycobacteria, and was used to charge the three Taq polymerases depleted of bacterial DNA contamination Results: Despite published reports about successful DNA decontamination, all three approaches performed poorly in experiments done in this study. Sensitivity ranged at approximately 50-100 colony forming units (CFU) per PCR reaction for Escherichia coli and Staphylococcus epidermidis, corresponding to 1,250-2,500 CFU/ml sample material. Conclusion: It seems unsatisfying to accept detection limits that high for diagnostic bacterial PCR even if highly multiplexed. Reliable methods for DNA decontamination of Taq polymerase are needed and would present one important step towards bacterial DNA detection with high sensitivity. The following article reports on our findings in the course of the de novo development of a real-time PCR method to detect bacterial 16S rDNA in anticoagulated whole blood samples. The report addresses two main performance characteristics: specificity improvement for a broad range of bacteria and sensitivity achievable in our hands.
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Schlüsselwörter

Material and Methods
Extraction of DNA
We used the NucleoSpin ® Blood L Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions , extracting 2 ml of whole blood. Blood samples were spiked with different concentrations of Escherichia coli and Staphylococcus epidermidis. For specificity extension experiments, E. coli and S. epidermidis were suspended in RPMI1640 (Biochrom AG, Berlin, Germany), instead of blood. The extracted DNA was eluted in 200 ml of elution buffer. In the case of Mycobacterium tuberculosis only, purified DNA was used, which has been kindly provided by Prof. W. Prodinger, Department of Hygiene, Microbiology and Social Medicine, Medical University Innsbruck, Austria.
To exclude further bacterial DNA contamination, all working steps must be carried out under sterile conditions. PCR Mixture 12.5 ml Master Mix (TaqMan ® Universal PCR Master Mix; Applied Biosystems, Branchburg, NJ, USA), 1 ml of all primers (5 pmol/ml, final concentration in the reaction of 200 nmol/l each), 0.5 ml of the probe (2.5 pmol/ml, final concentration in the reaction of 50 nmol/l), 4 ml of eluted DNA and water were mixed to a final volume of 25 ml per reaction. The following cycling profile was used: 50 cycles of 50 °C 2 min, 95 °C 10 min, (95 °C 15 s, 60 °C 1 min). E. coli and S. epidermidis were used for sensitivity testing. NucleoSpin ® Blood L Kit elution buffer (Macherey-Nagel) was used as negative control. PCRs were run on an ABI Prism 7000 (Applied Biosystems). In our spiking experiments, PCR positivity versus negativity was defined as a difference of at least one C(t) value in the same PCR run.
Bacterial Preparations
Bacterial concentrations are given in colony forming units (CFU), e.g. 50 CFU/PCR means the use of an absolute number of 50 CFU in one PCR reaction, corresponding to a concentration of 1,250 CFU/ml of specimen. CFU were measured using a Spiral System (Spiral System Instruments, Bethesda, MD, USA) as described by the manufacturer. All spiking experiments were performed with bacteria (E. coli and S. epidermidis) from exponentially growing cultures which rather excludes that dead bacteria not counted by the spiral plater might contribute to the overall copy number. Direct conversions from CFU into bacterial genomes are hindered by the fact that the number of 16S rDNA genes per bacterial genome is variable, and exponentially growing bacteria may already include more than only one copy of their bacterial chromosome [11, 12] .
Supplemental Primer Design for Detection of Bacterial 16S rRNA Genes
For optimal positioning of the primers, an alignment containing a total of 110 different bacterial 16S rRNA genes (table 1) and homologous regions of the human mitochondrial DNA was elaborated using GeneRunner Software (Version 3.05, Hastings Software Inc., Westwood, NJ, USA, 1994). We used Gram-positive, Gram-negative and non-Gram-stainable bacteria for our alignment and compared already published primers in the alignment for their detection ability of bacterial DNA [4] . Supplemental primer pairs for the additional detection of M. tuberculosis and Staphylococcus ssp. were added and tested for their specificity. All forward primers used showed at least 52% (11 of 21 bases) and all reverse primers at least 32% (6 of 19 bases) mismatching to the most homologous
Introduction
The detection of a broad range of bacteria by PCR is usually applied for the screening of a variety of sample materials such as blood and blood products to diagnose bacteriemia and to detect the presence of a bacterial contamination, respectively [1] [2] [3] .
As already described extensively, 16S rDNA is a highly homologous target sequence for practically all bacteria, that can be used for detection [1, 2] . Specificity and sensitivity are the classical limiting factors for all test systems. With respect to specificity, a correct choice of the amplified target sequence is essential. In order to obtain an optimal detection, DNA sequence which is most suitable for priming can be defined aligning a representative selection of possibly all bacterial rDNAs. With respect to sensitivity, the main problem of detection of bacterial DNA is the achievement of a high sensitivity along with a clear negative control. Up to this day this is an unresolved problem since the reagents used in the PCR process are contaminated with trace amounts of bacterial DNA, especially the Taq polymerase, where contamination originates from its production in bacterial cultures. No method for an absolute purification is known to date [4, 5] . A number of trials has been carried out to reduce the amount of contaminating DNA within the enzyme preparation with varying success [6] [7] [8] . However, only very recently successful decontamination of Taq polymerase from bacterial DNA by using DNAse approaches have been reported. [9] Real-time PCR is the most advanced PCR method available for the detection purpose. In contrast to other PCR methods, it additionally produces quantitative results. Basically a certain fluorescence intensity is defined as a positive signal. The PCR cycle in which this intensity is reached for the first time is called C(t) value. The more target DNA, the sooner a positive signal will be achieved, which means a low C(t) value.
To decrease bacterial DNA contamination of Taq polymerase, we compared three different approaches: The elimination of DNA impurities by using the restriction enzyme Sau 3A1, filtration of the polymerase through a microfilter and the use of a 'Low-DNA-(LD)-Taq polymerase' which is described as a Taq polymerase with a very low concentration of contaminating bacterial DNA by the manufacturer (AmpliTaq Gold ® DNA polymerase LD, Applied Biosystems). The rationale behind the usage of a restriction endonuclease for decontamination purposes is the cleavage of DNA contaminants in the Taq polymerase enzyme solution, which consequently should disable specific amplification of the degraded contaminating DNA later in the PCR. Microfiltration on the other hand relies on the molecular weight differences between the Taq polymerase enzyme and contaminating DNA. Using mild centrifugation, the polymerase is expected to pass, whereas contaminating DNA is thought to be withheld by a filter membrane of adequate size exclusion range [10] . [7] . After inactivation, 4 ml of eluted bacterial test DNA were added.
human mitochondrial DNA sequence. Therefore, combined specificities were thought to be restrictive of all homologous human mitochondrial DNA sequences. This assumption was not tested independently. Sequences of the primers used and the probe are shown in table 2. The position of the different primers are given in figure 1 .
DNA Decontamination Using the Restriction Enzyme Sau 3A1
Since definitive Taq polymerase concentration in the TaqMan Universal PCR Master Mix was not provided by the manufacturer, we estimated The TaqMan probe was marked with 6-carboxyfluorescein (FAM) at the 5'-terminus and with 6-carboxytetramethylrhodamine (TAMRA) at the 3'-terminus.
Escherichia coli CTCGACT CCATGAAGTC GGAATCGCTA GTAATCGTGG ATCAG
Homo sapiens mitochondrial ACTT-AG GGTC----GT ---T-TAGC-----A-TAA--GT--Mycobacterium tuberculosis ------C --G----------G-------------CA------Mycobacterium bovis ------C --G----------G-------------CA------Mycobacterium intracellulare ------C -------------G-------------CA------Staphylococcus haemolyticus ------A --------CT ------------------A------Staphylococcus aureus ------A --------CT ------------------A------Staphylococcus epidermidis ------A --------CT ------------------A------
Primer F CCATGAAGTC GGAATCGCTA G -3'
Primer 16S-Mtb-F CCGTGAAGTC GGAGTCGCTA G -3'
Escherichia coli TCTTTTGCAA CCCACTCCCA TGGTGTGACG GGCGGTGTGT Gram-negative bacteria only and added two additional primer pairs to increase the detection range to Gram-positive, nonGram-stainable M. tuberculosis and especially certain Staphylococcus spp. The primer sequences for the detection of Gram-positive bacteria (primer 16S-Staph-F and primer 16S-Staph-R), Gram-negative bacteria (primer F and primer T from the publication of Corless et al. [4] ) and non-Gramstainable bacteria (primer 16S-Mtb-F and primer 16S-Mtb-R) are shown in figure 1 . In order to validate our in silico findings, the primers and TaqMan probe were tested for their specificity with DNA preparations of E. coli, S. epidermidis and M. tuberculosis suspended in RPMI1640. Primers used by Corless et al. [4] showed pooror even negative signals for M. tuberculosis, and Gram-positive bacteria were only detectable in very high concentrations (>10,000 CFU), as exemplified by S. epidermidis when compared to E. coli. After addition of our newly designed two primer pairs ( fig. 1) , specificity for Gram-positive bacteria increased clearly as exemplified using DNA of S. epidermidis. Even mycobacterial DNA was now detectable as exemplified by M. tuberculosis. C(t) values before adaptation of the system were 32.2 for E. coli (50 CFU) and 32.1 for S. epidermidis (1,000 CFU); M. tuberculosis showed comparable values to the negative control (C(t) = 33.5. After adaptation
Homo sapiens mitochondrial --C----A-G TAT---TGAG GA-G----------------Mycobaterium tuberculosis --GGG--TT---G---TT----AC----------------Mycobacterium bovis
Mycobacterium intracellulare ----------------------------------------Staphylococcus hämolyticus --GGG--TT--AA----T-G --------------------Staphylococcus aureus --GGG--TT--AA----T-G --------------------Staphylococcus epidermidis --GGG--TT--AA----T-G --------------------
Primer T (rev. comp) ACTCCCA TGGTGTGACG G -3´ Primer 16S-Mtb-R (rev. comp) CCACTTTCA TGACGTGACG G -3´ Primer 16S-Staph-R (rev. comp) CACTCTCG TGGTGTGACG G -3´
Usage of a Commercially Available Taq Polymerase Depleted of Bacterial DNA
We also used AmpliTaq Gold ® DNA polymerase LD (Low DNA, 250 U with gold buffer and MgCl 2 solution; Applied Biosystems). This lot, according to the manufacturer, contains a maximum of 10 copies of 16S rDNA per 5 U of polymerase.
DNA Decontamination Using a Microfilter
Furthermore, a microfilter with a cut-off molecular size of about 100 kDa (Amicon Microcon YM-100 Centrifigal Filter Unit; Millipore Corporation, Bedford, MA, USA) was used to diminish the amount of contaminating DNA of the polymerase. Using a centrifugal device, the polymerase and the water were filtered through the filter's membrane at 100 g for 30 min according to the protocol of Yang et al. [10] .
Results
Detection of Gram-Positive Bacterial and Mycobacterial 16S rDNA
According to our in silico analysis, primers used by Corless et al. [4] were well suitable for the detection of Gram-negative bacteria but less qualified to detect Gram-positive bacteria, especially certain Staphylococcus spp. Additionally -judging from our alignment -Corless' primers also seemed to be inappropriate for the detection of mycobacterial DNA. Therefore, we considered to use Corless' primers for the detection of indicating a decrease of contaminating bacterial DNA. However, the C(t) values of the negative control were also raised accordingly (table 3) . Furthermore, the C(t) value difference between positive and negative control also decreased (table 3) , indicating a desensitization of the detection system in general. Comparable data were observed using S. epidermidis as a positive control. The above mentioned observations indicate that the treatment of the TaqMan Universal PCR Master Mix with the restriction enzyme Sau 3A1 in our protocol seemed to deteriorate Taq polymerase activity only and did not have any beneficial effect on the general test system sensitivity.
Testing the Commercially Available Taq Polymerase Depleted of Bacterial DNA
We were unable to observe a pronounced difference between the mean C(t) values for the negative control duplicate performed with AmpliTaq Gold DNA polymerase LD (C(t) = 32.5) and the 'regular' TaqMan Universal PCR Master Mix (C(t) = 33.1). The same observations were made for the 8-step serial dilution (5,000, 1,000, 500, 250, 100, 50, 10 and 1 CFU/ PCR) of both positive controls, E. coli and S. epidermidis. Therefore, we could not confirm a lower bacterial DNA contamination in the depleted DNA polymerase compared to those commonly used in real-time PCR master mixes.
DNA Decontamination by the Use of a Microfilter
We were unable to observe a pronounced difference between the mean C(t) values for the negative control duplicate performed with filtered (C(t) = 34.6) and unfiltered Taq polymerase (C(t) = 33.7). The same observations were made for a 8-step serial dilution (5,000, 1,000, 500, 250, 100, 50, 10 and 1 CFU) of both positive controls, E. coli and S. epidermidis. Thus, we were unable to proof a pronounced effect of the DNA decontamination by microfiltration.
Discussion
Even if real-time PCR is used as a tool, detection of microbial DNA is difficult. Current PCR reagents -especially the Taq polymerase itself -is contaminated with bacterial DNA origi-C(t) values for 50 CFU of E. coli were still 32.2, but the detection limit for S. epidermidis was improved to a value of 50 CFU (C(t) = 32.2), and DNA of M. tuberculosis was now detectable in several concentrations like 2 ng (C(t) = 22.3), 0.2 ng (C(t) = 26.1) and 0.02 ng (C(t) = 29.5). Whereas 0.02 ng of DNA of M. tuberculosis corresponds to approximately 4,000 single bacterial genomes, the low C(t) value of only 29.5 still indicated a higher potential with respect to sensitivity [13] .
Detection Limit without Taq Polymerase Decontamination Procedures
Each experiment included NucleoSpin elution buffer as a negative control at least in duplicates, and mean values of them were used for calculations. C(t) values of these reagent controls were remarkably reproducible and amount to 33.1-35.0 for all controls in all 6 experiments performed (n = 15 single controls in total; mean C(t) = 33.9; standard deviation C(t) = 0.64). Due to the presence of contaminating bacterial DNA, as expected, we never observed a completely negative amplification result, even in our planned negative controls. Therefore and in order to avoid general sensitivity reduction by competitive internal controls, we also refrained from considering a separate positive amplification control in our experiments. Positive samples were 8-step serial dilutions of E coli and S. epirdermidis in whole blood in all experiments calculated to a final concentration of 5,000, 1,000, 500, 250, 100, 50, 10 and 1 CFU/PCR. For illustration, an experimental PCR run of E. coli with 1,000, 500, 100, 50 CFU/PCR and a negative control is shown in figure 2 . CFU concentrates of 1 CFU/PCR were identical to our negative control in all experiments performed, with C(t) values of 33.1-34.7 (n = 6 single tests with 1 CFU/ PCR in total; mean C(t) = 33.6; standard deviation C(t) = 0.32). The 1 CFU/sample setup can be regarded as negative control also for whole blood and as a clear indication that the PCR does not cross-react with human mitochondrial DNA.
Defining a difference of at least 1 C(t) as threshold between PCR positivity and negativity, 3 out of 6 (50%) E. coli and 4 out of 6 (67%) S. epidermidis dilutions would have been typed positive at concentrations as low as 50 CFU/PCR, and all 6 (100%) E. coli and 6 (100%) S. epidermidis dilutions of 100 CFU/PCR would have been found correctly positive. These data would correspond to a detection limit of our method of 1,250 and 2,500 bacterial CFU/ml sample material for E. coli and S. epidermidis, respectively.
DNA Decontamination of Taq Polymerase Using the Restriction Enzyme Sau 3A1
At a mixing ratio of TaqMan Universal PCR Master Mix to Sau 3A1 of 1 unit : 1 unit restriction enzyme, no raise of C(t) values, was observed compared to the tests without Sau 3A1, indicating a successful removal of contaminating bacterial DNA in the negative controls. When using E.coli (10,000 CFU) as a positive control, increasing the PCR Master Mix to Sau 3A1 ratio from 1:1 to 1:3 or 1:6, C(t) values raised, at first view bacteria would certainly help to develop more specific and contamination-independent PCR assays. Although earlier descriptions of bacterial DNA decontamination of Taq polymerase were described as effective, taken together none of them proved functional in our hands. We were unable to achieve an improvement in sensitivity lower than for a total of 100 CFU per PCR reaction, which corresponds to a concentration of 2,500 CFU/ml sample material. Comparable detection limits, e.g. 238 fg corresponding to 48 E. coli cells per PCR, which is comparable to 50-100 CFU/PCR in our study, have already been described elsewhere [18] . However, even much lower detection limits, e.g. 175 CFU/ml specimen of Propionibacterium spp. [14] and 150 E. coli and 20 S. epidermidis CFU/ml whole blood [19] , have been reported.
We are unable to explain the sensitivity reached by Mohammadi et al. [14] .
However, highly variable number of rRNA operon numbers in the genomes of different bacterial species and possible aggregation of bacteria might offer some explanations for variable sensitivity reports [11, 12] . To compare different protocols, standardized bacterial reference material with known copy numbers of rRNA operons would be needed. Sensitivity reached by Mühl et al. [19] may partially be explained by the usage of an optimized DNA preparation strategy as concentration of starting specimens improved their sensitivity by a calculative factor of 6.25 compared to our method. The capacity of this potential improvement was not tested during our experiments.
In other settings, e.g. single cells in preimplantation diagnosis, PCR has proven its enormous potential already decades ago [20] . It is therefore unsatisfying to accept detection limits as high as 100 copy numbers/PCR in the course of bacterial PCR.
Alternatively, instead of bacterial DNA detection, direct microbiological methods, such as Scansystem™ (Hemosystem, Marseille, France) and BacT/ALERT ® (bio-Mérieux, Nürtingen, Germany), can be taken into consideration for routine testing of leukoreduced platelet-rich plasma-derived platelets and apheresis platelets [21] . Last but not least, blood and blood products void of bacterial contamination may also be granted, not only by means of diagnosis but also by pathogen inactivation applications [22, 23] . Hence, detection of bacterial contamination of blood and blood products is not only a technical challenge, but a rather multifactorial topic in transfusion medicine, also dependent on medical, scientific and organizational parameters, best managed by experts in the field.
